In hearing aid fitting the sound pressure at the ear drum is a reference quantity, since all real ear characteristic values refer to it. Typically , the sound pressure at the ear drum is estimated by a model of an average ear canal (e. g. a coupler). Such a model cannot account for interindividual differences. Alternatively, there are methods to predict the acoustics of the individual ear canal. Some of these methods make use of the acoustic input impedance of the ear canal. In general, the accuracy of the measured impedance depends on the effort that will be made. Therefore, different methods of impedance measurements were investigated concerning accuracy and effort. The methods differ in the number of calibration measurements (and calibration parameters). They were compared on the basis of impedance measurements on different model ear canals. Measurements were done with an impedance probe consisting of a typical hearing aid receiver and a hearing aid microphone. The measurements were compared to measurements with a reference impedance probe and method. As a result, it was observed that with a single calibration measurement the maximum absolute error of the transfer impedance was smaller than 3 dB up to 8 kHz.
INTRODUCTION
For several decades, measurements of the acoustic input impedance of the ear canal have been done under research conditions ( [1, 2, 3] ). At least for diagnostic purposes, a procedure has turned out to be workable in daily clinical practice [4] . However, it has been shown that in hearing aid fitting the acoustic input impedance of the ear canal is well suited for the estimation of the sound pressure at the ear drum and consequently for the individual calibration/equalization of hearing aids (see [5, 6] ). For a practical application, questions about accuracy and effort of the measurement procedure arise. In this research different methods of impedance measurements were investigated with respect to practical use in hearing aid fitting.
MATERIALS AND METHODS

Impedance Probes
Two different impedance probes were used. One of them (referred to as P1), which was our reference probe, consisted of a probe tube microphone (Ethymotic type ER7c) and a dual balanced armature receiver (Knowles type TWFK 23991), both attached to a table via tubes of about 8 cm length, see figure 1 on the left. The other probe, referred to as P2, was built from conventional hearing aid equipment: a microphone (Sonion type 50GC31) and a receiver (Sonion type E50D), integrated in a small table, which made it easy to attach different load impedances, see figure 1 on the right. 
Methods
Since the impedance measurements were based on sound pressure measurements with a calibrated source, differences with respect to effort are mainly related to the number of calibration measurements. The calibration method with the highest effort in this investigation was a calibration according to [7] where 6 load impedances (3 open and 3 closed tubes) are used and the source is characterized by 3 parameters. In the following this method applied with probe P1 will be referred to as M1 and applied with probe P2 as M1B.
Calibrations with a Single Parameter
In order to reduce the effort of calibration, three different methods were investigated. In all three methods the source is characterized by a single parameter which is given by q s /vB probe 
Another method referred to as M2-2 is calibrated by measuring the transfer function v coupler /v which is the voltage of the coupler microphone relative to the voltage applied to the receiver of the probe. The calibration parameter is then given by
with the quotient B probe /B coupler of the sensitivities of the probe microphone and the coupler microphone. This sensitivity quotient was determined by additional measurements with an additional microphone (Sennheiser type KE4). This microphone was coupled to the probe P2, using a coupling volume of 0.066 cm 3 and the transfer function v probe /v KE4 was measured. In the next step, the KE4 was connected (with an adapter) to the 2 cm 3 -coupler, replacing the original coupler microphone and the transfer function v KE4 /v was measured. In the last step the transfer function v coupler /v was measured, using the original coupler microphone. The sensitivity quotient was then given by B probe
The last method investigated here is referred to as M3. In this method, the transfer function v probe /v is also measured. In contrast to method M2-1, the coupler is modeled as an acoustic compliance C coupler , see figure 2. The calibration parameter is given by
where V coupler is the volume of the coupler, ρ is the density of air, and c is the speed of sound.
In this investigation, we used the three calibration methods together with probe P2. A measured input impedance is then given by
with the transfer function v probe /v measured on the canal. A comparison of the calibration parameter from the three methods can be seen in figure 3 . The calibration parameters differ at high frequencies only. 
Ear Canal Models Used for Evaluation
In order to compare the different methods, measurements on 4 different ear canal models were made. One of the models (referred to as "canal + impedance earsimulator") consists of an open cylinder terminated with a physical reproduction of an ear drum impedance. The other three ear canal models were built from several tube segments of different length and diameter with a rigid termination (see figure 4) . The number, length, and diameter of the tube segments were chosen such that the impedances calculated according to [8] covered the range of typical ear canal impedances. This was verified by impedance measurements on 20 occluded ear canals from a previous study [5] (see figure 5 ). Figure 6 shows, on the left side, the input impedances measured with the different methods and, on the right side, the deviations of the input impedances relative to the reference method M1. The deviations are only plotted at frequencies where impedances measured with the reference method M1 have a level of 125 dB or higher; differences in the minima of the impedances are given by a frequency shift in per cent relative to method M1.
MEASURED IMPEDANCES OF THE EAR CANAL MODELS
The measurements with the canal + impedance earsimulator (top row of figure 6 ) show for the method M1B (3 parametric calibration with hearing aid equipment) a very good agreement to the reference method M1. The deviations do not exceed ±1 dB up to 9 kHz. At higher frequencies, the low sensitivity of the receiver of probe P2 results in a bad signal to noise ratio. The frequency of the impedance minimum is slightly shifted (-2.8 %) to lower frequencies. The methods with a single calibration parameter show, up to 4 kHz, an impedance level of about 2 -3 dB less than to The input impedances measured with the segmented tube models generally show similar deviation patterns. The agreement between methods M1B and M1 is very good, except at frequencies higher than about 9 kHz. Methods M2-1, M2-2, and M3 again show an underestimation of the input impedance at frequencies below the impedance minimum, although the deviations are smaller for the large ear canal model (second row of figure 6 ) and increase with decreasing ear canal size (increasing impedance level). For the large ear canal model, the deviations are about −2 dB, for the medium model −2 to −3 dB, and for the small ear canal model −4 to −5 dB. There is a clear mismatch of the impedance minimum for the large ear canal model, but not for the medium and the small ear canal model. This is possibly due to the large cross sectional area at the entrance of the ear canal model. At high frequencies up to 8 kHz, the deviations for method M3 are small (±2 dB), while they are up to −5 dB for method M2-1 and up to 5 dB for method M2-2.
DISCUSSION
Conventional hearing aid equipment (receiver and microphone) seems to be well-suited for impedance measurements for the purposes of hearing aid calibration/equalization. This can be seen in the comparisons of measurements with the methods M1 and M1B. Using a hearing aid with an additional microphone placed in the ear canal a prediction of the sound pressure at the ear drum (or of the RECD respectively) could, potentially, be achieved in practice. The noise in the impedance for frequencies of about 9 kHz and higher doesn't matter since the limited sensitivity of the receiver at these frequencies prevents a significant amplification anyway.
The methods M2-1, M2-2, and M3 have a significantly reduced effort due to the calibration with a 2 cm 3 coupler which is normally used for measurements of the electroacoustical characteristics of hearing aids. Unfortunately, the typical volume of residual ear canals is smaller than 2 cm 3 , which leads to an underestimation of the impedance especially for small ear canals. In real ears, the effect of underestimation would be smaller since at frequencies up to about 1 kHz the impedance of real ears is smaller than the impedance of the rigidly terminated ear canal models used here (see figure 5 ).
At high frequencies, there are significant differences between the methods with a single calibration parameter. In the case of method M2-1, the impedance level of the two port-model is smaller at high frequencies than the impedance level of the compliance model of method M3. Thus, the calibration parameter q s /uB probe has a higher level for method M2-1. The load impedances of the ear canal models (and of real ears, too) have higher impedance levels at high frequencies than both coupler models. The result is that the more precise model (the two-port) leads to an underestimation of the measured impedance while the less precise model (a simple compliance) fits well. In the case of method M2-2, the same two-port model as in M2-1 is used but the determination of the sensitivity quotient B probe /B coupler was done with a very small volume (0.066 cm 3 ) resulting in a lower level of the calibration parameter and an increased level of the measured impedance.
CONCLUSION
In this investigation, simplified impedance measurement methods have been compared to a reference method with respect to accuracy and effort of the methods. It appears that the method M3, in which only one calibration measurement on a standard 2 cm 3 is required, is suitable for impedance measurements on ear canals for the purposes of individual hearing aid calibration. Furthermore, the suitability of conventional hearing aid components for impedance measurements has been confirmed.
